The YBa 2 Cu 3 O 7-y (YBCO) coated conductors derived from metal-organic deposition (MOD) method using the metal salts of trifluoroacetic acid (TFA) have been developed with high critical current property. The long-length YBCO coated conductors have been fabricated by multi-turn reel-to-reel system. Increasing the thickness per single coating in the multi-turn reel-to-reel system is a cost-effective technique for fabrication of the precursor films in the calcination process. In this work, we have developed a new starting solution consisting of non-fluorine salts of yttrium 4-oxopentanoate and copper 2-ethylhexanoate with focusing on increasing the thickness per single coating for a high-rate fabrication of the YBCO coated conductors by the TFA-MOD method. The critical thickness per single coating of the film fabricated from the new starting solution was 0.54 m/coat. High critical current of 377 A/cm-width with high critical current density (3.0 MA/cm 2 ) was obtained in the YBCO film fabricated on CeO 2 buffered LaMnO 3 /MgO/Gd 2 Zr 2 O-7 /Hastelloy TM substrates using the new starting solution at the thickness per single coating of 0.42 m/coat.
Introduction
The metal-organic deposition (MOD) process using the metal salts of trifluoroacetic acid (TFA) could easily yield YBa 2 Cu 3 O 7-y (YBCO) films with high critical current density (J c ) performance [1, 2] . Additionally, since the TFA-MOD method does not require a high-vacuum system, it is expected to be suitable for large-scale production of YBCO coated conductors with low-cost. We have fabricated long-length MOD-YBCO coated conductors with high critical current (I c ) property using the starting solution that consisted of yttrium-and barium trifluoroacetates, and copper 2-ethylhexanoate by multi-turn reel-to-reel system. The calcination process was still the rate-limiting process in the TFA-MOD method. Increasing of thickness per single coating is an effective approach to accelerate the calcination process, however, it easily causes J c decrease due to bubbling, cracking, and delamination. The rate of the gas generation which is determined by the amount of fluorine element in the starting solution, the molecular weight of the metal-organic salts, thickness per single coating, and the heating rate, affects the film quality (bulk density, uniformity etc.) [3] . The further reduction of the fluorine content in the starting solution is one possible way to increase the thickness per single coating with maintaining high J c property. Therefore, we have investigated to replace the yttrium trifluoroacetate by fluorine free yttrium salt at the starting solution. Yttrium 2-etylhexanoate, 2,2-dimethyl octanoate, and 4-oxopentanoate were tried as a fluorine free yttrium salts. However, yttrium 2-etylhexanoate and 2,2-dimethyl octanoate were not dissolved in the organic solvent. Consequently, a new starting solution using fluorine free yttrium salt of yttrium 2-ethylhexanoate, which could be calcined with thickner per single coating than the previous starting solution, has been developed for the improvement of the production rate of the calcination process by the TFA-MOD method in this study.
Experimental
The starting solutions were prepared by dissolving yttrium, barium, and copper salts with the ratio of Y : Ba : Cu equal to 1.0 : 1.5 : 3.0 in the organic solvent [4] . In this study, two kinds of starting solutions were prepared. Conventional starting solution includes yttrium and barium trifluoroacetates, and copper 2-ethyhexanoate. New starting solution consists of yttrium 4-oxopentanoate (fluorine free yttrium salt), barium triluoroacetate, and copper 2-ethylhexanoate.
These starting solutions were deposited on the CeO 2 (Pulsed laser deposition) buffered LaMnO 3 (RF sputter)/MgO (Ion beam assisted deposition)/Gd 2 Zr 2 O 7 (Ion beam sputter)/Hastelloy TM [5] substrates (10×50 mm 2 ) by the dipcoating method. The dip-coating was performed at room temperature by immersing the substrates vertically in the starting solution and withdrawing them at a constant rate. The film thickness was controlled by withdrawal rate.
These samples were applied to the two stages of heat treatments, which include low temperature calcination and high temperature annealing to crystallize the YBCO phase layers. In the calcination, the starting solution was thermally decomposed to an amorphous precursor film by heating up to 400 C at the heating rate of 5 C/min in a humid (P(H 2 O) = 4.4 kPa) oxygen atmosphere. A multiple-coating technique was employed for preparation of thick precursor films. In the annealing process, the precursor films were heated up to 760 C at the heating rate of 5 C/min and then held for several hours in a mixed gas atmosphere of humid (P(H 2 O) = 12.3 kPa) argon and oxygen with a low oxygen concentration of 0.10 kPa. These films were then cooled to the room temperature in a dry argon and oxygen gas mixtures.
The I c of these YBCO films were measured by a conventional four-probe DC transport method at 77 K in selffields with the 1 V/cm criterion. The film thickness was obtained from the inductively coupled plasma spectrometry (ICP) measurement as the average YBCO film thickness after conversion. The thickness distribution of the precursor films was directly measured along transversal direction by the cross-sectional scanning electron microscope (SEM) observation.
ICP measurements were performed using Inductively Coupled Plasma SPS-1700HVR (SII NanoTechnology Inc.). SEM observations were made with a Hitachi S-4800 field emission scanning electron microscope. The surface morphology observation of the precursor films were performed by the optical microscopy installed with a charge coupled device video camera (L150, Nikon). Figure 1 shows the relationship between the withdrawal rate of dip-coating and the film thickness per single coating. The precursor films were derived from conventional and new starting solutions by single dip-coating. The withdrawal rate of dip-coating was varied from 1.0 to 8.0 m/h. The film thickness increased with increasing the withdrawal rate of dip-coating. In the case of the precursor films derived from the conventional starting solution, the circular-shaped delamination was observed in the precursor films with film thickness of above 0.25 m/coat (withdrawal rate of 3.0 m/h). On the other hand, the circular-shaped delamination was not observed in the precursor films derived from the new starting solution. The observation of the surface morphology of the precursor films was performed by optical microscopy. (Fig. 2a) . The circular-shaped delamination was observed in the precursor films with film thickness over 0.25 m/coat. The number and size of the circular-shaped delamination increased with increasing the thickness per single coating of the precursor films. The circular-shaped delamination is thought to occur due to the gas bubbling which might be related to rate of HF gas generation in the precursor films during the calcination process [3] . Figure 3 shows the surface morphology of the precursor films derived from the new starting solution with different film thickness: (a) 0.54 m/coat (withdrawal rate of 6.5 m/h) and (b) 0.57 m/coat (withdrawal rate of 7.0 m/h). No defects were found in the precursor films with the film thickness of 0.54 m/coat (Fig. 3a) . The suppression of delamination may be due to decrease in the HF gas generation rate during the calcination process caused by the reduction of the amount of fluorine content in the starting solution. The critical film thickness per single coating of precursor film was significantly improved from 0.20 to 0.54 m/coat by using new starting solution. Although the circular-shaped delamination was not observed in the precursor films derived from the new starting solution, the cracks were observed in the precursor films with the film thickness over 0.57 m/coat (Fig. 3b) . In dip-coating, film thickness distribution in transverse direction is ununiform. The thickness distribution of the precursor film of Fig. 3b in transversal direction is shown in Fig. 4 . The thickness of the precursor film increases from zero to maximum within 1.60 mm from the side edge and then decreases down to the average thickness at 2.10 mm from the side edge. The crack was observed at 1.76 mm from the side edge. The cracks observed in Fig. 3b were owing to large thickness distribution in transverse direction. The film thickness distribution in transverse direction could become uniform by improving the dip-coating system. Table 1 . High critical current of 377 A/cm-width with high critical current density (3.0 MA/cm 2 ) was obtained in the 1.27 m thick YBCO film fabricated at the thickness per single coating of 0.42 m/coat. The degradation of J c property at the YBCO film with total thickness of 2.64 m might be caused by un-optimized condition of crystallization process.
Results and Discussion

Conclusion
We have developed a new starting solution containing fluorine free salt of yttrium 4-oxopentanoate, barium trifluoroacetate and copper 2-ethylhexanoate with a focus on enhancement of the production rate in the calcination process. The critical thickness per single coating of precursor film was significantly improved from 0.20 to 0.54 m/coat by using new starting solution. High critical current of 377 A/cm-width with high critical current density (3.0 MA/cm 2 ) was obtained in the YBCO film fabricated on CeO 2 buffered LaMnO 3 /MgO/Gd 2 Zr 2 O 7 /Hastelloy TM substrates using the new starting solution at the thickness per single coating of 0.42 m/coat. Additionally, the high I c value of 571 A/cm-width was also realized by the YBCO film with total thickness of 2.64 m.
